Different bacterial strains able to attack polyoxyethylene-type nonionic surfactants were isolated by enrichment procedure from the surface waters of the Arno River. Alkylphenol polyethoxylates and alkyl polyethoxylates, as well as polyethylene glycols, were degraded and assimilated by bacterial strains in axenic cultures. Degradative routes of polyethyleneoxide chains were investigated by matching each bacterial isolate with several types of nonionic surfactants and polyethers and by the identification of their degradation products isolated during aerobic digestion experiments. In accordance with previous reports, the first attack led to the shortening of the poly(oxyethylene) chains of the nonionic surfactants. It was found that the strains able to degrade PEG segments of nonionic surfactants possess enzymatic systems unable to degrade free PEGs, whereas those degrading the latter substrates cannot degrade PEG segments coupled to hydrophobic moieties.
INTRODUCTION
Nonionic surfactants containing poly(oxyethylene) chains as the hydrophilic component are widely utilized in industrial processes because of their resistance to high temperatures. Moreover, their insensitivity to Ca2+ and Mg2+ ions allows for their use in hard waters. Depending upon the nature of the hydrophobic portion (aromatic or aliphatic), nonionic surfactants are divided into two main classes: alkylphenol poly(ethoxylate)s (APEs) and alkyl poly(ethoxylate)s (AEs).
Removal of nonionic surfactants from polluted effluents and streams represents an environmental issue of paramount importance due to their well-ascertained harmfulness to marine and terrestrial ecosystems.
APEs are considered toxic toward living organisms [18, 31] toxic and persistent metabolites such as nonylphenol are well documented [1, 3] . On the other hand, AEs seem to have a comparatively lower environmental impact, because of a greater extent of biodegradation; accordingly, their use is still increasing and they are replacing APEs in several industrial processes.
Since the early sixties, several studies have been carried out on the fate of nonionic surfactants in sewage treatment plants. Their biodegradation mechanisms have been mainly investigated in the presence of complex microbial communities; only a few reports concerning single microbial strains can be found in the literature. In particular, two nonylphenol polyethoxylate degrading microorganisms were recently isolated [16, 17] . Some AE degrading microorganisms were isolated under anaerobic [7, 29] and aerobic conditions [9, 26] .
APEs appear to undergo mainly an oxidative shortening of the polyoxyethylene chains while leaving behind aromatic components, such as nonylphenol and nonylphenol ethers containing one or two neutral or acidic ethoxylated residues that tend to accumulate as recalcitrant metabolites [2, 3, 17, 22] . On the contrary, AEs do not appear to generate any recalcitrant metabolites and are generally considered as fully biodegradable.
Three primary degradation mechanisms have been proposed for the biodegradation of alkyl polyethoxylates: (a) oxidation of the terminal methyl group of the linear alkyl chain followed by the fast degradation of the resulting primary alcohol via a B-oxidation process [20] ; (b) initial cleavage of the ether bond between the alkyl group and the polyoxyethylene chain by preliminary oxidation of the a-carbon in the alkyl chain to give an ester function that is eventually hydrolized enzymatically [9, 21, 23, 25, 28] ; and (c) exo cleavage of ethylene glycol units from the polyoxyethylene moiety [26, 30] .
Recently the most relevant biochemical pathways, supported by convincing experimental data, have been proposed for the aerobic biodegradation of polyethylene glycol [10] .
In the present paper we report on the results of an extensive investigation aimed at the isolation of microbial strains able to degrade nonionic surfactants. The results obtained in the characterization of the degradation intermediates of several different nonionic surfactants and PEGs are discussed in terms of degradation mechanism, thus providing further insights into the understanding and control of the life cycle of a large category of synthetic chemicals that are introduced into aquatic ecosystems.
MATERIALS AND METHODS

Chemicals
All commercially available chemicals and reagents were utilized without any further purification. Polyoxyethylene lauryl ether containing approximately 23 oxyethylene units (L23EO), polyoxyethylene isotridecyl ether containing approximately 10 oxyethylene units (T10EO), polyoxyethylene isopentadecyl ether containing approximately 12 oxyethylene units (P12EO), polyoxyethylene stearyl ether containing approximately 10 (S10EO) and 21 (S21EO) oxyethylene units, octylphenol polyethoxylate containing approximately 40 oxyethylene units (OP40EO) and nonylphenol polyethoxylate containing approximately 9 oxyethylene units (NP9EO), sorbitan monolaurate polyethoxylate containing about 20 oxyethylene units (SL20EO), polyethylene glycols having average molecular weights of 300 (PEG300), 400 (PEG400), 1000 (PEG1K), 2000 (PEG2K), 10,000 (PEG1KO), and 100,000 (PEG1KOO), PEG1K dimethyl ether (PEG1KDME), polypropylene glycol having a
Isolation of Active Strains
The following enrichment procedure was adopted to isolate active microbial strains: 100 ml of a mineral medium (MM medium) having the composition 2.2 g K 2 HPO 4 , 0.8 g KH 2 PO 4 , 0.7 g MgSO 4 • 7H 2 O, 2.5 g NH 4 NO 3 , 0.1 g NaCl, 0.01 g FeSO 4 • 7H 2 O, 0.001g molecular weight of 1200 (PPG1K), and a triblock copolymer ethylene glycol/propylene glycol/ethylene glycol (PEG-PPG-PEG) were purchased from SigmaAldrich S.r.l. (Milan, Italy).
The monomethyl ether of nonylphenol polyethoxylate (NP9EOME) was prepared by reaction of NP9EO with methyl iodide in THF at reflux. The preparation of a-amino-w-methoxy polyethylene glycol (PEG750MN) having a molecular weight of 750 will be reported elsewhere [4] . Structural formulas of the test compounds are reported in Fig. 1 .
Microbial Sources
Active strains were isolated from surface waters collected from the Arno River (Pisa, Italy), an environment polluted by domestic effluents and by textile and leather wastewater containing large amounts of surfactants, in the early spring of 1995. The water sample was used to prepare enrichment cultures on the day of collection. For comparison, microbial sources, derived from unpolluted environments, such as garden soil, pond water, and wood litter, also were utilized as inocula for enrichment cultures. 
